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We have studied the total cross section, Q2, momentum and angular distributions for pions in the
ν(ν¯) induced pi0 production from nucleons. The calculations have been done for the weak production
induced by the neutral current in the standard model and the electromagnetic production induced
by neutrino magnetic moment. It has been found that with the present experimental limits on
the muon neutrino magnetic moment µνµ , the electromagnetic contribution to the cross section
for the pi0 production is small. The neutrino induced neutral current production of pi0, while
giving an alternative method to study the magnetic moment of neutrino µνµ , does not provide any
improvement over the present experimental limit on µνµ from the observation of this process in
future experiments at T2K and NOνA.
PACS numbers: 13.15.+g, 14.60.Pq, 14.60.St
I. INTRODUCTION
The neutral current π0 production in neutrino interactions plays an important role in the background studies of νµ →
νe oscillations in the appearance mode as well as in discriminating between νµ → ντ and νµ → νs modes [1, 2, 3, 4].
This process can also help to distinguish between production of ντ and ν¯τ in some oscillation scenarios at neutrino
energies much below the τ production threshold but above the pion threshold [5]. The recent results on neutral
current induced pion production in neutrino oscillation experiments at K2K [6, 7] and MiniBooNE [8, 9, 10] have
generated great interest in studying these processes. In this context, the proposed experiments by T2K [11, 12] and
NOνA [13] collaborations plan to study this process with better statistics.
The neutral pions can also be produced by electromagnetic interactions if ν(ν¯) have diagonal and/or transition
magnetic moments. This process would in principle contribute additional events to the neutral current reaction and
would modify the energy and angular distributions of the neutral pions, which may be observed in future experiments.
It is thus possible, in principle, to get information about the magnetic moment of neutrinos(antineutrinos) from
studying neutral current induced π0 production from nucleons and nuclei. While the minimal extensions of Standard
model predict very tiny diagonal magnetic moments [14], there are models of electroweak interactions which predict
enhanced transition magnetic moment [15]. The present limits for the magnetic moment of neutrinos come from
neutrino - electron scattering for νµ and from e
+e− → νν¯γ for ντ . These limits for νµ and ντ magnetic moments are
µνµ < 6.8× 10−10µB and µντ < 3.9× 10−7µB [16].
The data from neutrino oscillation experiments from Sudbury Neutrino Observatory and Super-Kamiokande have
also been analysed to obtain improved limits on the neutrino magnetic moments for νµ and ντ [17, 18, 19, 20, 21]. A
recent analysis of the Borexino experiment claims to improve these limits on the magnetic moments of νµ and ντ by
3 orders of magnitude[22].
We would like to consider the possibility of obtaining new bounds on the neutrino magnetic moment using high
statistics data on neutral current induced π0 production from nucleons and nuclei in future experiments. Such
a possibility was earlier discussed by Kang et al. [23] using first result on π0 production from Superkamiokande
experiment on atmospheric neutrinos[24].
We study in this paper, the π0 production induced by weak neutral current and magnetic moment interaction
of neutrinos and antineutrinos in the energy region of few GeV, relevant for K2K, MiniBooNE, T2K and NOνA
experiments.
In Sec.II, we give the formalism and present our results for the total cross section σ, Q2 distribution ( dσ
dQ2
),
momentum distribution ( dσ
dppi
) and angular distribution( dσ
dcosθpiq
) for π0 in Sec.III, where we also discuss the possibility
of obtaining improved limits on ν(ν¯) magnetic moments.
II. FORMALISM
In the energy region of one GeV relevant for atmospheric neutrinos and present accelerator neutrino experiments
the dominant process of pion production is through the excitation of ∆ resonance and its subsequent decay to pions,
i.e.
νN → ν∆→ νNπ0. (1)
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FIG. 1: Feynman diagram for the process ν + p(p) → ν(k′) + p(p′) + pi0(kpi).
The differential scattering cross section for the reaction ν(k) + p(p)→ ν(k′)+ p(p′)+ π0(kπ) shown in Fig.1. is given
by
dσ =
(2π)4δ4(pi − pf )
4p · k
3∏
j=1
d3pj
(2π)32Ej
|Mfi|2, (2)
where pi(= k+p) and pf (=
∑3
j=1 pj) are the four momenta of the initial and final states, respectively. The transition
matrix element Mfi is written using
L
W =
GF√
2
lαj
α (3)
for the weak ZN∆ interaction and
LπN∆ =
fπN∆
mπ
Ψ¯µ ~T
†(∂µ~φ)Ψ + h.c. (4)
for the strong πN∆ interaction. Ψµ is a Rarita-Schwinger field for spin-
3
2 particle,
~T † is the isospin transition operator,
~φ is the pion field.
The matrix element of the leptonic current lα and the hadronic current j
α are defined as
< k|lα|k′ >= u¯(k′)γα(1− γ5)u(k), (5)
and
< ∆(P )|jα|p >= Ψ¯β(P)Oβαu(p) (6)
u(p) is the Dirac spinor for the proton.
Oβα = (1− 2sin2θW )OβαV +OβαA for the neutral current process with OβαV and OβαA given by
OβαV =
(
CV
3
(q2)
M
(gαβ 6 q − qβγα) + CV4 (q2)
M2
(gαβq · P − qβPα) + CV5 (q2)
M2
(gαβq · p− qβpα)
)
γ5 (7)
and
OβαA =
(
CA4 (q
2)
M2
(gαβ 6 q − qβγα) + CA5 (q2)gαβ +
CA6 (q
2)
M2
qβqα
)
(8)
where CVi (q
2) and CAi (q
2) are the vector and axial vector transition form factors, and θW is the Weinberg angle
(sin2θW= 0.23122). q(=k − k′) is the four momentum transfer. M is the mass of the nucleon.
Using Eqs. (3)-(6) the matrix element for the process ν + p→ ν + p+ π0 in the ∆ dominance model is written as
Mfi =
√
2
3
GF√
2
fπN∆
mπ
u¯(p′)kσπPσλOλαlαu(p) (9)
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FIG. 2: Total scattering cross section for the reaction ν + p → ν + p + pi0 induced by weak neutral current and the magnetic
moment induced processes.
where
√
2
3 has appeared because of the isospin factor coming at the vertex ∆
+ → pπ0. GF (= 1.16637× 10−5GeV −2)
is the Fermi coupling constant.
Pσλ is the ∆ propagator in momentum space given by
Pσλ = P
σλ
P 2 −M2∆ + iM∆Γ
, (10)
where Pσλ is the spin-3/2 projection operator given by
P
σλ =
∑
spins
ψσψ¯λ = (6 P +M∆)
(
gσλ − 2
3
P σPλ
M2∆
+
1
3
P σγλ − P σγλ
M∆
− 1
3
γσγλ
)
, (11)
and the delta decay width Γ is taken to be an energy dependent P-wave decay width taken as
Γ(W ) =
1
6π
(
fπN∆
mπ
)2
M
W
|qcm|3. (12)
|qcm| is the pion momentum in the rest frame of the resonance and is given by
|qcm| =
√
(W 2 −m2π −M2)2 − 4m2πM2
2W
,
with W as the center of mass energy.
If the reaction shown in Eq.(1) is induced by neutrino magnetic moment then the matrix element given by Eq.(9)
would modify to
Mfi =
√
2
3
fπN∆
mπ
u¯(p′)kσπPσλOλαV lemα u(p), (13)
where
lemα = µ
eff
ν u¯(k
′)
σαβ
q2
qβu(k), (14)
with µeffν as the effective magnetic moment of the neutrino, which is given in terms of the magnetic moments of the
mass eigen states and oscillation probabilities that depend upon the specific oscillation models used for analysing the
neutrino oscillation experiments [17, 18, 19, 20, 21]. We have taken the following form of the N −∆ transition form
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FIG. 3: Q2 distribution for the weak neutral current and the magnetic moment induced processes at Eν = 1GeV .
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FIG. 4: Pion momentum distribution for the weak neutral current and the magnetic moment induced processes at Eν = 1GeV .
factors [25]
CVi (Q
2) = CVi (0) (1 +
Q2
M2V
)−2 Di
Di = (1 +
Q2
4M2V
)−1; i = 3, 4
Di = (1 +
Q2
0.776M2V
)−1; i = 5 (15)
CV3 (0) = 2.13, C
V
4 (0) = −1.51,
CV5 (0) = 0.48
where MV (= 0.84GeV ) is the vector dipole mass.
The axial vector form factors are parametrised as
CAi (Q
2) = CAi (0) (1 +
Q2
M2A
)−2 Di
Di = (1 +
Q2
3M2A
)−1; (16)
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FIG. 5: Pion angular distribution for the weak neutral current and the magnetic moment induced processes at Eν = 1GeV .
CA4 (Q
2) = −C
A
5 (Q
2)
4
, CA5 (0) = 1.2,
CA6 (Q
2) = CA5 (Q
2)
M2
m2π +Q
2
where MA(= 1.05GeV ) is axial vector dipole mass.
The differential scattering cross section d
5σ
dQ2dΩpidpl
is calculated using Eq.(2), and is written as
d5σ
dQ2dΩπdpl
=
1
(4π)5
π
EνEl
|~k′||~kπ|
MEν
1
E′p + Eπ
(
1− |~q|
|~kpi|
cos(θπq)
)∑¯∑ |Mfi|2 (17)
where |~kπ| is the pion momentum. Similarly we get an expression for the pion distribution using Eq. (2).
III. RESULTS AND DISCUSSIONS
The numerical results for the total cross section σ, the differential cross sections dσ
dQ2
, dσ
dcosθpiq
and dσ
dppi
for the neutral
current production of π0 induced by neutrinos(antineutrinos) are presented in Figs.2-5 along with the contributions
of the electromagnetic production induced by the neutrino(antineutrino) magnetic moment. For the neutral current
production, the numerical values of the vector and axial vector form factors given in Eqs.(15) & (16) have been used
while for the electromagnetic production the numerical values of the vector form factors given in Eq.(15) along with
the neutrino magnetic moment µeffν = 6.8 × 10−10µB is used. A momentum dependent strong form factor with
fπN∆(m
2
π) = 2.12 [26] has been used in numerical calculations.
We show in Fig 2., the total cross section σ, for the neutral current induced ν(ν¯) production of π0. The present
results are in agreement with the results of Leitner et al.[27] and also with the results of Hernandez et al.[28] if their
values for the parameter CA5 (0) and MA are used but are in disagreement with results of Kang et al.[23] who find a
smaller value for σ. We also show in this figure, the total cross section σ for electromagnetic production of π0 induced
by neutrino magnetic moment which is in agreement with the results of Kang et al.[23] if neutrino magnetic moment
µeffν = 6× 10−9µB as used by them is taken. We see in Fig. 2. that with the present limits on the magnetic moment
of νµ, the electromagnetic production of π
0 is 10−3 times smaller than the neutral current induced π0 production. It
is, therefore, not feasible to improve the present limit on neutrino magnetic moment from π0 production cross section
measurements as earlier expected from the work of Kang et al. [23].
In Figs. 3-5, we also show the differential cross sections dσ
dQ2
, dσ
dcosθpiq
and dσ
dppi
for the neutral current induced π0
production by ν and ν¯ as well as the π0 production induced by magnetic moment of ν(ν¯). The present experiments
at MiniBooNE [8] see neutral current induced π0 events of the order of 2.8× 104 which can be further increased by
an order of magnitude at T2K and NOνA. These pions are produced on nuclear targets like 12C. In the case of
nuclear targets, there are incoherent as well as coherent production of π0
6distributions. An analysis of these experiments in order to study the neutrino magnetic moment would require an
understanding of nuclear effects in the incoherent and coherent production of π0 induced by the neutral currents as
well as by the neutrino magnetic moment on nuclear targets in the energy region of 1 GeV.
We would like to conclude that it is possible in principle to study the neutrino magnetic moment from the observa-
tions of neutral current induced π0 production from nuclear targets in the near detector in future neutrino oscillation
experiments by T2K & NOνA collaborations. However, with the present limits on µνµ the magnetic moment induced
π0 production cross sections are quite smaller then the weak neutral current induced cross sections. It is, therefore,
not a feasible method to constrain the neutrino magnetic moment beyond the present experimental limits.
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